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INTRODUCTION INTRODUCTION INTRODUCTION INTRODUCTION INTRODUCTION
Among the systems available for heterologous protein production, Escherichia coli remains the first choice because of its ability to grow rapidly and at high density, its wellcharacterized genetics and the availability of an increasingly large number of vectors and host strains [1] [2] [3] . With a considerable amount of efforts directed at yield during the past 20 years, heterologous proteins could be produced in E. coli with an amazing productivity. At present, one of the mostly focused fields of E. coli system is how to improve the solubility of heterologous proteins in cytoplasm of this bacterium [3] . This problem might be addressed in two approaches. First, heterologous proteins might be fused with chaperone or refoldase, which promotes the proper isomerization or accelerates rate-limiting steps along the folding pathway [4, 5] . Plasmids pET32 [6] and pET44 [7] are the representatives of this kind of vectors. Second, redox environment of E. coli cytoplasm might be altered by genetic engineering, namely, construction of an E. coli mutant with diminished or eliminated reductase system [8] . The effect of this strategy is still not well addressed. To investigate the influence of redox environment of E. coli cytoplasm on the solubility of heterologous proteins, bovine basic fibroblast growth factor (BbFGF) with a single disulfide bond, and human anti-HBsAg single-chain Fv (HBscFv) with 2 disulfide bonds, selected as model molecules of simple and complex proteins, were produced in normal E. coli strains and in E. coli Origami(DE3), a reductase deficient strain. Comparing the solubility and bioactivity of the recombinant proteins produced in different hosts might help us better understand the folding of heterologous proteins, and be a reference for other proteins' engineering.
BbFGF is a non-glycosylated single-strand polypeptide with a variety of bioactivities [9] . The polypeptide consists of 155 amino acid residues, including 4 cysteines, in which C 34 and C 101 are linked with disulfide bonds, while C 78 and C 96 exist freely. It was reported that the majority of recombinant BbFGF forms into inclusion body when it is overproduced in E. coli cytoplasm. Point mutation of C 78 and C 96 into serine might solve the problem to some extent [10, 11] , but the primary structure of BbFGF is changed and the bioactivity of the mutant declines, thus becoming an obstacle in drug development [12] . HBscFv [13] is a human recombinant antibody with 4 cysteines participating in disulfide bond formation. It is impossible to minimize the misfolding of recombinant products via point mutation. In addition, there is more uncertainty in the folding process of scFvs, because they are artificial multidomain (V H and V L ) molecules [2, 14] . It is more difficult to obtain soluble recombinant HBscFv than BbFGF in E. coli cytoplasm. 
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Expression of BbFGF
Construction of recombinant E. coli was carried out as previously described [15] . E. coli BL [pJN-BbFGF] or Origami[pJN-BbFGF] was culture to 1.0 A 600 U/mL at 37 , 220 r/min, in 2×YT medium and expression of BbFGF was induced with 1 mmol/L IPTG for 4 h. The pellet and supernatant of bacteria lysate were collected for analysis or purification.
Purification and bioactivity of BbFGF
Samples containing BbFGF were applied on Bio-Rex70 column. Blank runs were performed to elute any trace of weakly adsorbed ligand and, subsequently, PBS with 0.6 mol/L NaCl was used to elute the protein of interest as the starting material of Heparin Hyper D re-purification. Recombinant BbFGF was eluted by buffer with 1.2 mol/L NaCl and its purity was determined on gel-optical-density scan [16] [17] [18] [19] [20] . Bioactivity of recombinant BbFGF with purity over 96% was assayed by MTT method as previously described [18, 19] .
Expression of HBscFv
HBscFv-producing E. coli strains, M15 [pQE-HBscFv] and Origami [pQE-HBscFv] were cultured in 2×YT medium and were induced with 1 mmol/L IPTG as the same condition as BbFGF.
Purification and bioactivity of HBscFv
HBscFv inclusion body from M15 [pQE-HBscFv] or Origami[pQE-HBscFv] was lysed in buffer containing 6 mol/L GuHCl, then applied on His-Trap HP column. The fraction of interest was collected and refolded by gradual removal of the denaturing reagent using stepwise dialysis with the introduction of an oxidizing reagent (GSSG) and L-arginine. Soluble HBscFv from Origami[pQEHBscFv] was preliminarily purified via SP-sepharose CL-4B chromatography, and then applied on His-Trap HP column. Indirect ELISA was performed to determine the HBsAg binding activity of HBscFv products from different host strains [20] [21] [22] . The affinity constant (K A ) of HBscFv products was determined by non-competitive enzyme immunoassay as previously described [23] . In brief, a microtiter plate (Corning Costar) was coated with serially 2-fold diluted HBsAg from 3 to 0.375 mg/L in carbonate buffer at 4 overnight. Serially diluted HBscFv (10 -7 mol/L) from 1:2 to 1:256 was added to the plate and an indirect ELISA was carried out. According to the sigmoid curve of A versus logarithm of HBscFv concentration (mol/L), the concentrations of HBscFv at A 50 were identified and K A was calculated by the formula of K A = (n-1)/(nAb'-Ab).
RESUL RESUL RESUL RESUL RESULTS TS TS TS TS Construction of recombinant E. coli
Plasmid pJN-BbFGF was transformed into E. coli BL21 (DE3) and E. coli Origami(DE3). The recombinant strains were designated as E. coli BL [pJN-BbFGF] and Origami [pJN-BbFGF], respectively. As is shown in Figure 1A , the gene of interest was located at the downstream of T7 promoter and phage10-LacZ leader. T7 RNA polymerase, integrated into the genome of host and induced by IPTG, could start the transcription of target gene, resulting in recombinant BbFGF with the molecule weight of 20 ku. Recombinant E. coli M15 [pQE-HBscFv] and Origami [pQEHBscFv] were constructed by transforming plasmid pQEHBscFv into E. coli M15[pREP4] and Origami(DE3), respectively. Sketch map of plasmid pQE-HBscFv ( Figure 1B) showed that the target gene, controlled by T5 promoter, was located downstream of LacO sequence and sensitive to IPTG induction. Moreover, there was a 6×His tag at N-terminal of HBscFv, which made the recombinant protein could be purified by immobilized metal ion affinity chromatography (IMAC). 
Expression of BbFGF
SDS-PAGE analysis of induced BL[pJN-BbFGF] is shown in Figure 2A , in which lanes 2 and 3 are supernatant and pellet of the cell lysate, respectively. It could be made out that recombinant BbFGF mainly formed into inclusion body in the cytoplasm of E. coli BL21(DE3). The result of geloptical-density scan associated with protein quantitative analysis revealed that 65% of the produced BbFGF aggregated into inclusion body. In contrast, soluble BbFGF was obtained when the protein was produced in E. coli Origami(DE3). Cell lysate of induced Origami [pJN-BbFGF] is shown in Figure 2B , in which lanes 2 and 3 are the supernatant and pellet of the cell lysate, respectively. The gel showed that the target protein was included in the supernatant, accounting for 11.6% of the total soluble protein.
Besides, SDS-PAGE analysis also revealed that the yield of BbFGF in Origami(DE3), from 5-10% of the total protein, was significantly lower than that in BL21(DE3), in which the recombinant BbFGF was 15-23% of the total protein. 
Purification and bioactivity of recombinant BbFGFs
BbFGFs produced in two recombinant bacteria were purified by cation exchange and heparin affinity chromatography to homology with purity of up to 96%. MTT assay revealed that the specific bioactivity of BbFGF purified from Origami(DE3) was higher than its counterpart from BL21 (DE3) (Figure 3) . The ED 50 of BbFGFs from Origami (DE3) was 1.6 µg/L, and 2.2 µg/L from BL21(DE3). 
Expression of HBscFv
Induced with IPTG, E. coli M15[pQE-HBscFv] produced a great deal of recombinant HBscFv, which existed in the form of inclusion body in the cytoplasm ( Figure 4A ). SDS-PAGE analysis of M15 [pQE-HBscFv] showed that the 28 ku HBscFv was located in the insoluble fraction of cell lysate. At the same time, recombinant E. coli Origami[pQEHBscFv] was cultured and induced. The result of SDS-PAGE analysis indicated that HBscFv still formed into inclusion body in the cytoplasm of Origami(DE3). Lane 3 of Figure 4B was the insoluble fraction of Origami[pQE-HBscFv], in which there was an obvious HBscFv-like protein band. There was also an enlarged protein band, amounting 4.7% of the total protein at the corresponding position of HBscFv in the soluble fraction (Lane 2, Figure 4B ). To determine the characteristics of this protein band, bioactivity assay was carried out. 
Purification and bioactivity of recombinant HBscFvs
The supernatant from the two recombinant E. coli strains was adjusted to identical protein concentration and the activity of HBsAg-binding was determined. Figure 5 show the significant difference of bioactivity between the soluble fractions of the two HBscFv-producing E. coli strains. Twostep purification revealed that the yield of soluble HBscFv from Origami[pQE-HBscFv] was 1-2 mg/L. HBscFvs from pellets of the two HBscFv-producing E. coli strains were purified and refolded by dialysis. The yield of HBscFv refolded from M15[pQE-HBscFv] was 30-35 mg/L, and 18-22 mg/L from Origami [pQE-HBscFv] . Refolded HBscFvs from different recombinant bacteria were adjusted to the same concentration. Bioactivity assay demonstrated that both HBscFvs exhibited HBsAg-binding activities, and there was no significant difference between the specific bioactivities (blacked column in Figure 5 ). DISCUSSION DISCUSSION DISCUSSION DISCUSSION DISCUSSION Aggregation of recombinant disulfide-bonded proteins in E. coli is a direct consequence of the lack of disulfide bond formation, proceeding from an intermediate present during the unfolding/refolding transition [24] . Under physiological conditions, E. coli cytoplasm is maintained in a reduced state that strongly disfavors the formation of stable disulfide bonds in proteins. Disulfide bonds that form instantaneously in cytoplasm of normal E. coli are reduced by at least 5 proteins, namely, thioredoxins 1 and 2, glutaredoxins 1, 2 and 3 [25] . To keep these proteins in reduced situation, thioredoxin reductase and glutathione reductase are necessary. Thus, heterologous proteins can fold correctly when the reductase is fully or partly impaired [26] . As a host strain with inactivated thioredoxin reductase and glutathione reductase, E. coli Origami(DE3) is permissive to the formation of disulfide bonds in the more oxidative cytoplasm. It was reported that alkaline phosphatase can partly fold into enzymatically active structure in this mutated host strain [26] . Results listed above show BbFGF, a simple protein with a single disulfide bond and free cysteines, mainly forming into inclusion body in E. coli BL21(DE3), is synthesized as a soluble product in Origami(DE3). In addition, HBscFv, a complex protein with 2 disulfide bonds, exists mainly as an inclusion body and partially as a soluble protein in this oxidized host strain, suggesting that modification of the redox environment of E. coli cytoplasm may significantly improve the solubility of simple proteins which usually for m into inclusion bodies during overproduction. However, it is difficult to obtain a great number of soluble recombinant products for complex proteins with multiple disulfide bonds.
Besides the enhanced solubility, another advantage of E. coli Origami(DE3) that should not be ignored is that recombinant proteins have higher specific bioactivity. Determination of ED 50 of BbFGF and K A of HBscFv has proved it. The method of HBscFv refolding applied in this paper resulted in the highly efficient refolding of various denatured scFvs from inclusion bodies and its mechanism is disclosed recently [20, 22] . However, the K A of refolded HBscFv still differed significantly from that of soluble HBscFv. Isoelectric point measurement by IEF and disulfide bond determination by MALDI-TOF MS suggested that there are misfolded disulfide bonds in the refolded HBscFv products [27] . Therefore, E. coli Origami(DE3) may be a better choice for the bioactivity-guided application of recombinant proteins.
Protein folding is a complex process that results in various assistant enzymes or proteins [28] . A great number of folding enhancers, methods and kinetic models [29] are described and applied. What dismays us is that optimizing one factor may improve the folding of certain proteins, but it is impossible to design a universal expression system that adapts to all kinds of heterologous proteins [2, 3, 30, 31] . Therefore, to overproduce a complex protein, we usually have to make "trial-and-error" experiments to select an expression system; and to optimize culture conditions and modify host strains to maximize the yield of native products.
In this study, soluble BbFGF and partially soluble HBscFv were obtained in E. coli Origami(DE3), but the total yield of recombinant products decreased. The expression level of BbFGF in Origami(DE3) was 33-43% of that in BL21(DE3). The yield of soluble HBscFv in Origami(DE3) was 4.5-11.1% of the inclusion bodies, and the total yield of the target proteins in Origami(DE3) was 63-68% of that in M15[pREP4] . Whether the soluble expression is resulted from the lower yield, or from the alteration of the redox environment of cytoplasm is still unknown. We had tried to change the induction condition of BL[pJN-BbFGF] to decrease BbFGF yield, but failed to eliminate inclusion body formation. As the relationship between yield decrease and reductase deficiency is concerned, there might be certain correlation between the two factors. E. coli requires either a functional thioredoxin or a glutaredoxin system to reduce disulfide bonds which appear after each catalytic cycle in the essential enzyme ribonucleotide reductase and perhaps to reduce non-native disulfide bonds in cytoplasmic proteins [25] . Chaperones are able to improve the folding yield of multidomain proteins but markedly delay the folding process both in vivo and in vitro. Based on these finding, we might conclude that correct folding of heterologous proteins in reductase deficient host E. coli Origami(DE3) is at the expense of total yield.
HBscFv is a recombinant human antibody fragment that is more suitable to be produced in mammalian cells or other eukaryotic cells [2, 13, [32] [33] [34] , but the technology of large-scale culture of mammalian cells is still in developing. Large scale production of recombinant antibodies efficiently and costly is the last obstacle in antibody engineering. If the partially soluble HBscFv described here could be further optimized in the culture condition [35] and/or the level of molecular chaperones or refoldase (DsbC or other proved solubility enhancer) [36, 37] , the proportion of soluble products might be greatly increased. That should pose further significance of E. coli on the production of recombinant antibody or other complex pharmaceutical proteins.
